Frisch and colleagues (1985) reported that women who did not participate in collegiate athletics were at 1.86 times greater risk of breast cancer relative to collegiate athletes, 82% of whom were physically active in adolescence and 74% of whom maintained high physical activity levels into adulthood. Most subsequent studies have provided evidence for a reduced risk of breast cancer among women with high levels of physical activity (Friedenreich et al, 1998b) . Inconsistencies in previous studies may be partly due to inadequate measures of long-term physical activity. Two recent prospective studies employing multiple measures of physical activity in adulthood have reported 20 to 50% reductions in risk (Thune et al, 1997; Rockhill et al, 1999) . While case-control studies may be more susceptible to recall and selection biases, they offer the opportunity, unavailable in most prospective studies, to obtain more comprehensive assessments of lifetime physical activity.
Frisch and colleagues (1985) reported that women who did not participate in collegiate athletics were at 1.86 times greater risk of breast cancer relative to collegiate athletes, 82% of whom were physically active in adolescence and 74% of whom maintained high physical activity levels into adulthood. Most subsequent studies have provided evidence for a reduced risk of breast cancer among women with high levels of physical activity (Friedenreich et al, 1998b) . Inconsistencies in previous studies may be partly due to inadequate measures of long-term physical activity. Two recent prospective studies employing multiple measures of physical activity in adulthood have reported 20 to 50% reductions in risk (Thune et al, 1997; Rockhill et al, 1999) . While case-control studies may be more susceptible to recall and selection biases, they offer the opportunity, unavailable in most prospective studies, to obtain more comprehensive assessments of lifetime physical activity.
As few recent studies have done so, we have examined the effects of lifetime occupational physical activity, and the independent effects on breast cancer risk of exercise in adolescence and adulthood, both separately and together as well as changes between adolescence and adulthood.
MATERIALS AND METHODS
Study design and participant recruitment. Relevant bodies approved the methodology for the Shanghai Breast Cancer Study and a detailed description of the study has been published elsewhere (Gao et al, 2000) . Briefly, this was a population-based case-control study designed to recruit all incident breast cancer cases aged 25 to 64 years among permanent residents of urban Shanghai between August 1996 and March 1998. All study participants had no prior history of cancer and were alive at the time of interview. Through a rapid case-ascertainment system, supplemented by the population-based Shanghai Cancer Registry, 1602 eligible breast cancer cases were identified during the study period, and in-person interviews were completed for 1459 (91.1%) of them. The major reasons for non-participation were refusal (109 cases, 6.8%), death prior to interview (17 cases, 1.1%), and inability to locate (17 cases, 1.1%). Two senior pathologists confirmed the diagnoses.
Controls were randomly selected from permanent female residents of urban Shanghai and frequency-matched to cases by age. The number of controls in each age-specific stratum was determined in advance using the age distribution of the incident breast cancer cases reported to the Shanghai Cancer Registry from 1990 to 1993. This registry, which keeps cards for all permanent residents of urban Shanghai, was used to select controls. For each age-predetermined control, a registry card for a potential control in the same 5-year age group was randomly selected. In-person interviews were completed for 1556 (90.3%) of the 1724 eligible controls identified. Only 166 (9.6%) controls refused participation and 2 (0.1%) controls were excluded because they were deceased.
Measurements
Trained interviewers used a structured questionnaire in hospitals (cases) or homes (cases and controls) to collect details of Lifetime physical activity and breast cancer risk in the Shanghai Breast Cancer Study demography, occupational and non-occupational physical activity, menstrual and reproductive history, hormone use, diet, disease history, tobacco and alcohol use, weight, and family history of cancer. Participants were also weighed, waist and hip circumferences and sitting and standing heights were measured and waist:hip ratio and body mass index (BMI, kg/m 2 ) calculated. Details were also obtained about lifetime occupational activity, while other activities (viz. exercise and sports, household, and transportation activities (walking, cycling)) were assessed for the adolescent period (13-19 y) and in the 10 years prior to entering the study (adulthood). Women reported each occupation they held for at least 3 years during their lifetime, and the calendar year in which they started and ended each job. Because of the general stability of occupations in China, this approach captures the majority of jobs held in a lifetime and their duration; these were classified into high, medium, or low levels of estimated sitting time and activity level using job codes from the more than 200 different occupations reported. Examples of those categorized as high sitting time and low-activity categories were clerks and accountants, while those in the low sitting time and higher-activity categories included sales clerks, cooks and machine operators. In addition, for each occupation, participants reported the average time spent in 'standing or walking' (h d -1 ), and classified each into one of four activity categories (i.e., heavy, medium, light or nonphysical work). Summary measures were calculated by multiplying the years spent in each occupation by the specific activity variable, and then summing the result over all jobs.
Women could report up to five exercise or sport activities during each life-period, as well as the average duration (min d -1 ) and the length of participation (y) in each activity. Only 13 women (0.4%) reported five exercise activities in adolescence, and no women reported five activities in adulthood. Among women reporting exercise or sports participation, a three-category question regarding sweating was also completed. Participants also were asked, for each life-period, to categorize their exercise and sports activity, relative to their peers, into one of five categories. Since there is little inter-individual variation in adolescent sports participation in physical education classes, details of sports at school were not collected. Quantitative estimates of energy expenditure in sports and exercise were calculated as MET-hours day -1 year
) using standardized metabolic equivalent (MET) values (Ainsworth et al, 2000) , activity duration (h d -1 ), and the length of activity participation (y). Additionally, the total number of exercise-years accumulated in adolescence and adulthood was calculated by summing the total number of years reported in all exercise and sport activities in each life-period (e.g., 3 sports played for 4 y each = 12 exercise-years). Women were asked to report the number of hours per week they spent in housework and the duration (min d -1 ) spent walking and cycling each day both in adolescence and adulthood, but the lengths of activity participation in each life-period were not obtained.
Statistical analysis
Unconditional logistic regression models were used to obtain maximum likelihood estimates of the odds ratios and their 95% confidence limits (95% CL) (Hosmer and Lemeshow, 1989) . Results were presented for models with minimal adjustment (age (y)) and in adjusted models. A number of risk factors, previously noted to be independently associated with breast cancer risk in this population (Gao et al, 2000) , were controlled in fully adjusted models, including: breast cancer in first-degree relative (0,1), history of breast fibroadenoma (0,1), age at menarche (y), age at first live birth (y), menopause (0,1) and age at menopause (<45 y, 45-50 y, ≥50 y). Fully adjusted models also controlled for age (y), education (no formal education, elementary school, middle and high school, college and above) and household income (<4000, 4000-5999, 6000-7999, 8000-8999, 9000+ Yuan). Linear trends in the risk estimates were tested statistically by entering continuous parameters in the models rather than the dummy coded categorical physical activity exposure variables employed to estimate odds ratios. Classifications of activity by quartile (for exercisers) or quintile (occupational activity) were made using the exposure distributions of the control subjects. For evaluation of cumulative exposure (i.e., exercise-years) we used categories of roughly 5-year exposure increments (e.g., 1-5 y, 6-10 y, etc). Since physical activity energy expenditure is the most modifiable component of the energy balance equation, we considered BMI to be in the causal pathway between physical activity and breast cancer risk, and therefore did not control for BMI in our models.
RESULTS
The descriptive characteristics for cases and controls in the Shanghai Breast Cancer Study are presented in Table 1 . Briefly, cases were slightly older, had higher waist:hip ratios and BMI levels, earlier age at menarche, later age at first live birth and menopause, and proportionally more breast fibroadenomas and first-degree family history of breast cancer. Cases also tended to have more college education and higher household incomes.
Inverse associations for all exercise measures (MET-h d -1 y -1 , self-comparison, sweating) in adolescence (13-19 y) and adulthood (last 10 years) are reported in Table 2 . Adjustment for a number of important breast cancer risk factors resulted in only minor alterations in the risk estimates. In fully adjusted 2 × 2 analyses (i.e., exercise = Yes or No), the adult risk estimate was OR = 0.61 (0.50-0.73) and the adolescent value was OR = 0.77 (0.66-0.90).
Women reporting a lifetime average of more than one hour per day of standing or walking at work had a 20-40% reduced breast cancer risk (Table 3) . Self-ratings of occupational activity and estimated sitting time, based on job codes, were inversely associated with risk in age-, but not in fully adjusted models (Table 3) . Findings for occupational activity based on job codes were null.
Examination of the effect of changes in exercise behaviour between adolescence and adulthood among all women revealed that women reporting exercise in both life-periods had breast cancer risk reductions of 53% (i.e., Yes/Yes), relative to women who did not exercise in either life-period, after adjusting for potential confounding factors (Table 4) . Women who initiated exercise in adulthood had risk reductions of 32%, while women who exercised only in adolescence had reductions of 16% (Table 4) . These findings were not materially altered after controlling for occupational activity (i.e., standing or walking (h d -1
). Only 21% of the population reported exercise in adulthood, and only half of this group of exercisers reported exercising in both life-periods (i.e., 10% of the overall population).
Both pre-and post-menopausal women who were consistent exercisers in adolescence and adulthood experienced the greatest reductions in risk (i. (Table 4) . Evaluation of the cumulative exposure to exercise participation among ever exercisers, in adolescence or adulthood, revealed that women with more than 10 exercise-years (i.e., sum of years in all exercises combined) experienced a 55-76% reduction in risk relative to non-exercisers. The risk reduction with increasing length of exercise participation was graded and appeared to be stronger in post-menopausal women.
There was little evidence, aside from a weak non-significant effect for household activity in adolescence, for a beneficial effect of household activity, overall walking, or cycling in adolescence or adulthood (Table 5) , possibly due to limitations in our activity assessment.
The effect of lifetime patterns of exercise across levels of occupational standing or walking, with non-exercisers in both lifeperiods (i.e., No/No) and the lower quintile of occupational activity as referent, are presented in Table 6 . There appeared to be no consistent effect modification of exercise in each life-period (i.e., Yes/Yes) across occupational activity levels (Table 6 ). In general, the beneficial effects of exercise only in adolescence or adulthood were somewhat stronger among more occupationally active women (i.e., >2.4 h d -1 ) ( Table 6 ). We evaluated our primary exercise and occupational activity findings among overweight women (BMI >25 kg/m -2 ). Among overweight pre-menopausal women, exercise in both adolescence and adulthood was associated with reduced risk (OR = 0.34 (0.15-0.78)). Among overweight post-menopausal women, exercise in both adolescence and adulthood was associated with reduced risk (OR = 0.40 (0.15-0.78)), as was initiating exercise in adulthood (OR = 0.46 (0.28-0.78)). Though obesity (BMI 30+ kg m -2 ) was rare in this population (4%), exercise in either adolescence or adulthood was associated with reduced risk in pre-(OR = 0.49 (0.11-2.11)) and post-menopausal (OR = 0.31 (0.12-0.82)) obese women. No effect modification by BMI level was noted in the inverse relationship between lifetime averages of occupational standing or walking and breast cancer.
DISCUSSION
The present findings add to the evidence of an inverse relationship between lifetime physical activity and risk of breast cancer. Pre-and post-menopausal women who exercised in both adolescence and adulthood had reductions in risk than exercise throughout life of 43% and 64%, respectively. Importantly, initiating exercise in adulthood was associated with a 32% reduction in risk, while exercise only in adolescence reduced risk by 16%. That exercise only in adolescence may be less strongly associated with risk than exercise throughout life was supported by a clear dose-response between years of exercise participation and reduced risk of breast cancer in both pre-and post-menopausal women. Our findings were not substantially modified among overweight women (BMI > 25 kg/m 2 ), and little changed after controlling for occupational activity (i.e., standing or walking (h d -1 )) and several established breast cancer risk factors. They also are consistent with certain case-control studies (Bemstein et al, 1994; Carpenter et al, 1999; Friedenreich et al, 2001 ) and two cohort studies using serial measurements of physical activity (Thune et al, 1997; Rockhill et al, 1999) . Serial assessments would be more likely to identify women who maintained habitually high activity levels throughout adulthood.
Studies examining physical activity at only a single point in time have been difficult to interpret due to variations in activity patterns across the lifespan. For example, an early study (Frisch et al, 1985) reported that 82% of college athletes played sports in high school and 74% continued to exercise into adulthood (Frisch et al, 1985; Wyshak and Frisch, 2000) . In contrast, in the nonathletic comparison group, only 25% of the women participated in high school athletics, and only 57 to 63% reported exercising later in life (Frisch et al, 1985; Wyshak and Frisch, 2000) . Thus, classification of activity status at only one point in life, in this cohort at least, appears to have selected a group of predominantly lifelong exercisers. As such, the reported risk reductions of 40 to 50% may overestimate the apparent effect of exercise at a single point early in life (Frisch et al, 1985; Wyshak and Frisch, 2000) . Only one other published investigation has examined the independent effects of physical activity only in adolescence and only in adulthood as well as changes in activity over time. Modest reductions in risk (OR = 0.83 (0.60-1.16)) for only adolescent exercise among women aged 20-54 y (90% pre-menopausal) have been reported (Verloop et al, 2000) ; while those who initiated exercise in adulthood had a more pronounced risk reduction (OR = 0.65 (0.47-0.89)). Our data are remarkably consistent with this report and extend this finding to post-menopausal women. Confirmation of the finding that initiating exercise participation in adulthood, regardless of prior exercise patterns, can reduce risk is of great public health importance.
High levels of physical activity prior to menopause would be expected to minimize exposure to ovarian hormones by potentially delaying menarche (Merzenich et al, 1993) , reducing the number of ovulatory menstrual cycles (Bernstein et al, 1987; De Souza Numbers of cases and controls vary due to non-reporting on some variables. Adjusted for age, education, household income, first-degree family history of breast cancer, history of breast fibroadenoma, age at menarche, age at first live birth, and age at menopause.
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Adjusted for age, education, household income, first-degree family history of breast cancer, history of breast fibroadenoma, age at menarche, age at first live birth.
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Numbers of cases and controls vary due to non-reporting on some variables. Table 3 Odds ratios (OR) and 95% confidence limits (95% CL) for breast cancer associated with lifetime occupational activity measures from age-and fully-adjusted models, the Shanghai Breast Cancer Study (1996) (1997) (1998) Adjusted for age, education, household income, first-degree family history of breast cancer, history of breast fibroadenoma, age at menarche, age at first live birth, and age at menopause.
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Numbers of cases and controls vary due to non-reporting on some variables. Table 5 Odds ratios (OR) and 95% confidence limits (95% CL) for breast cancer associated with household, walking, and cycling in adolescence and adulthood from age-and fully-adjusted models, the Shanghai Breast Cancer Study (1996) (1997) (1998) Numbers of cases and controls vary due to non-reporting on some variables. Table 6 Odds ratios 1 (OR) and 95% confidence limits (95% CL) for breast cancer associated with lifetime exercise activity by quintile of lifetime occupational activity, the Shanghai Breast Cancer Study (1996) (1997) (1998) et al, 1998), reducing oestrogen exposure early in the follicular phase and progesterone exposure in the luteal phase (De Souza et al, 1998) , and by shortening the luteal phase (Loucks et al, 1989; De Souza et al, 1998) , a time of increased cell proliferation in the breast (Pike et al, 1993) . Recent reports suggest additional biologic mechanisms for reducing breast cancer risk via the insulin-like growth factor-I (IGF-1) in younger women. High levels of regular physical activity would be expected to minimize the development of insulin resistance and hyperinsulinaemia (Mayer-Davis et al, 1998) , which would be predicted to reduce biologically active IGF-I levels, and therefore breast cancer risk (Kaaks, 1996; Stoll, 1999) . Consistently high physical activity levels in adolescence and throughout adulthood would minimize adult weight gain and the accumulation of visceral adipose stores (Kohrt et al, 1992a (Kohrt et al, , 1992b , both of which have been associated with increased postmenopausal breast cancer risk (Ballard-Barbash, 1994; Huang et al, 1997) . The increase in risk with postmenopausal adiposity appears to be driven by its effect on biologically available oestrogen levels (Toniolo et al, 1995) . Physical activity also has been noted to be independently associated with lower oestrone levels in postmenopausal women (Cauley et al, 1989) . Taken together, there are several plausible biologic mechanisms for a reduced risk of breast cancer both pre-and post-menopausally.
Case-control studies are subject to selection and information biases. Selection bias in this study is unlikely to give the comparable participation rates for both cases (91%) and controls (90%). We observed little or no confounding in our primary analyses, even after controlling for most known breast cancer risk factors. It is conceivable that certain dietary factors may act as a confounder here but given the strength of the associations reported here confounding seems unlikely to fully explain the associations reported. In unpublished analyses we have found no mean differences between cases and controls for energy intake (1866 (464) vs. 1840 (464) kcal d , P = 0.08) (values are cases vs. control, mean (SD)). Differential recall biases by disease status are possible, but are less likely in contexts with little emphasis on the putative role of physical activity in breast cancer. Were activity to be severely limited by the presence of disease, another kind of recall bias could be introduced namely, the conditioning of memory by current experience and expectation. However, most of the women in this study would not have had limited physical capability as a consequence of their disease.
Interviewer-derived assessments of lifetime physical activity have been observed to be reproducible (Friedenreich et al, 1998a) and to provide reasonable recall accuracy for periods of 2 (Slattery and Jacobs, 1995) to 10 years (Blair et al, 1991) . Reporting errors in historical activity patterns would appear to be more problematic for the quantitative aspects (i.e., frequency, intensity, duration of activity), but less so for the dichotomous assessment of exercise (i.e., yes/no) as used in the present study. There is little information on the validity of historical occupational activity recall. However, the high level of structure and repetition of activity in many occupations, repeated over many years of a person's life, should enhance recall, suggesting the feasibility of differentiating sedentary from high-activity occupations. Our finding of an inverse association only with our most individualized quantitative assessment of occupational activity (i.e., h d -1 of standing or walking) underlines the limitations of less specific assessments, using relative self-ratings of physical activity or occupational classifications based on job codes. It was notable that our measures of daily activities (i.e., h d -1 of household activity, cycling and walking) that did not incorporate information about the years of participation in a particular life-period failed to show an effect. This suggests an important element in the assessment of historical activity patterns is the length of physical activity exposure.
Amelioration of the physical activity-breast cancer relationship in overweight women has been observed in only 2 of 6 published studies (Friedenreich et al, 1998b) , and few of these evaluated preand post-menopausal women separately. Such evaluation would seem important given the differential effect of obesity on breast cancer risk (Ballard-Barbash, 1994; Bernstein and Ross, 1993) . We observed little or no modification of the physical activitybreast cancer association by overweight status (i.e., BMI < 25 vs. BMI ≥ 25 kg/m 2 ) in pre-or post-menopausal women. In conclusion, our findings add support to the notion that high levels of physical activity throughout life reduce the risk of breast cancer. They also suggest that initiating exercise in adulthood may reduce breast cancer risk by 30%, a finding potentially of considerable public health importance.
